Purpose We investigated whether enzymatically fabricated hyaluronan (HA) microcapsules were feasible for use in the cryopreservation of a small number of sperm. Methods HA microcapsules were fabricated using a system of water-immiscible fluid under laminar flow. Three sperm were injected into a hollow HA microcapsule using a micromanipulator. Capsules containing injected sperm were incubated in a freezing medium composed of sucrose as the cryoprotectant and then placed in a Cryotop® device and plunged into liquid nitrogen. After thawing, the capsule was degraded by hyaluronidase, and the recovery rate of sperm and their motility were investigated. Results The HA microcapsule measuring 200 μm in diameter and with a 30-μm thick membrane was handled using a conventional intracytoplasmic sperm injection (ICSI) system, and the procedure involved the injection of sperm into the capsule. The HA microcapsules containing sperm were cryopreserved in a Cryotop® device and decomposed by the addition of hyaluronidase. The recovery rate of sperm after cryopreservation and degradation of HA microcapsules was sufficient for use in clinical practice (90 %). Conclusions Hollow HA microcapsules can be used for the cryopreservation of a small number of sperm without producing adverse effects on sperm quality.
Introduction
The development of intracytoplasmic sperm injection (ICSI) has paved the way toward the fertilization of an oocyte using one sperm [1] . In addition, the combination of testicular sperm extraction (TESE) and ICSI has expanded the possibility of a successful pregnancy for patients with severe male factor infertility [2] . However, TESE does not always ensure successful sperm collection.
Cryopreservation of a small number of sperm is important to avoid unnecessary surgery for male and female patients because there is no guarantee of successful sperm collection following TESE treatment or in patients with severe oligozoospermia. Sperm cryopreservation is clinically performed before the cycle of oocyte pick up. Cryotubes or straws are generally used for sperm cryopreservation. In the procedure of cryopreservation and thawing using these vessels, the thawed sperm have to be diluted with a large volume of medium to eliminate cryoprotectants. As a result, the recovery rate of sperm might be extremely low. In addition, when ICSI is Capsule Hollow HA microcapsules can be used for the cryopreservation of a small number of sperm without producing adverse effects on sperm quality. performed using a small number of sperm, it takes a much longer time until sperm injection, causing the accumulation of reactive oxygen species [3, 4] . Such changes in culture conditions have been shown to be involved in the lipid peroxidation of cell membranes, nuclear DNA fragmentation, and delay of embryo development [5] [6] [7] [8] . Several groups have reported the cryopreservation of a small number of sperm using devices for embryo vitrification [9, 10] by embedding them into an alginate gel [11] and by injecting them into an empty zona pellucida (ZP) [12] [13] [14] . Sperm injection into an empty ZP is preferable to other methods because of low reproducibility in the vitrification device and reduced survival in the alginate gel. It is also easier for technicians compared with other methods because it is a similar procedure to ICSI [15] . However, there are several concerns over this technique because of the inadequate supply of a patients' own ZP, ethical problems of the use of ZP donation, and contamination of bacteria and viruses from animals.
To cope with these challenges, we aimed to fabricate a hollow spherical gel similar to a ZP to hold a small number of sperm. Here, we examined whether a hyaluronan (HA)-based microcapsule made through an enzymatic reaction can be manipulated for sperm injection and cryopreservation. Furthermore, the recovery rate and motility of sperm after cryopreservation in a microcapsule were investigated.
Material and methods

Ethics
This study was approved by the local ethics Institutional Review Board of IVF Namba Clinic. Sperm and unfertilized oocytes donated from patients who gave informed consent were used for the in vitro study.
Preparation of HA microcapsules
Sodium HA (MW: 1.79 × 10 6 Da, JNC Crop, Tokyo, Japan) was modified by phenolic moieties for the gelation of the HA solution. The HA derivative, possessing phenolic hydroxyl (Ph) moieties (denoted as HA-Ph) at 1.6 × 10 −4 mol-Ph/g-HA-Ph, was prepared based on a previously reported method through conjugation with tyramine via carbodiimide-mediated condensation in an aqueous solution [16] . Microparticles were fabricated using a co-flowing system under laminar flow [17] . In this system, a 26-gauge tube (inner tube) was placed into a 21-gauge tube (outer tube). A paraffin stream was made by extrusion from the outer tube, and a stream of aqueous solution of microparticles flowed from the inner tube. The outer and inner tubes were connected to a compressor and syringe pump, respectively, and the flow rate of the two fluids could be adjusted. Droplet formation was obtained at the tip of the laminar flow, resulting in spherical gel fabrication by the co-flowing system.
For the production of the core of HA microcapsules, gelatin (Sigma, St. Louis, MO, USA) was dissolved at 7.5 % (w/v) in phosphate-buffered saline (PBS) for extrusion from the inner tube. The gelatin solution flowed from the inner tube at a rate of 0.075 mL/min, and liquid paraffin containing 3 % lecithin (Wako, Osaka, Japan) was extruded through the outer tube at a flow rate of 2.9 mL/min. The gelatin microparticles were collected in a 50-mL plastic tube and cooled at 4°C to complete gelation. The gelatin microparticles were rinsed with cooled PBS buffer for the removal of ambient liquid paraffin. Then, the HA-Ph solution [0.75 % (w/v)] was supplemented with horseradish peroxidase (HRP, Wako Pure Chemicals, Osaka, Japan) at 100 units/mL and was mixed with the gelatin microparticles at a ratio of 10:1 (v/w) for the production of HA-Ph microcapsules with a gelatin core. The HA-Ph solution supplemented HRP, and gelatin microparticles were extruded from the inner tube at a rate of 0.075 mL/min into a coflowing fluid of liquid paraffin containing 3 % lecithin and 1.4 mM H 2 O 2 (Wako Pure Chemicals, Osaka, Japan) at a flow rate of 1.8 mL/min. Through this reaction, gelatin microparticles were surrounded by gelated HA-Ph, and HA-Ph microcapsules with gelatin cores were obtained. HA-Ph microcapsules were collected in 50-mL plastic tubes for 10 min. The resultant emulsion was then left to stand for an additional 15 min to allow further cross-linking between the Ph moieties in HA-Ph. Finally, the microcapsules were rinsed with PBS buffer.
Picking up of HA-Ph microcapsules from the prepared liquid
Not all HA-based spherical vehicles contained gelatin microparticles. From the prepared samples, HA-Ph spherical vehicles with gelatin were picked up (Fig. 1a) . One hundred microliters of the HA-Ph microcapsule sample was mixed with 1.0 mL of culture medium, and the microcapsules with gelatin cores were picked up using a glass pipet (Fig. 1b) .
Measurement of the diameter of HA-Ph microcapsules
The diameter of HA-Ph microcapsules was measured using a ZILOS-tk® system (HAMILTON THORNE, Beverly, USA). Two different diameters of HA-Ph microcapsules and diameters of gelatin cores were measured. The average diameter of HA-Ph microcapsules and the length of the HA gel were calculated. The diameters of 38 HA-Ph microcapsules were measured, and the sizes of the capsules picked up were calculated. The average diameter of capsules was 241.6 ± 30.4 μm and thickness of the HA membrane was 29.6 ± 7.2 μm (N = 38).
Sperm preparation
All sperm samples used in this study were surplus specimens from in vitro fertilization (IVF). The semen was collected by masturbation, liquefied for 30 min at 37°C, and then centrifuged using 50-90 % Isorate® discontinuous density gradient for 20 min at 400 g (Irvine Scientific, Santana, USA). Washing using culture medium (GM501HTF, GYNEMED, Lensahn, Germany) was performed for 10 min at 400 g. Subsequently, a swim-up method was performed by overlaying the culture medium (0.5-1.0 mL) above the obtained sample for 5 or 30 min at 37°C. After fishing insemination, the surplus sample was used for experiment.
Preparation of hollow HA-Ph microcapsules
Aspiration and release of liquid by ICSI system in HA-Ph microcapsule with a gelatin could not be controlled freely. Thus, the gelatin core was degraded. To prepare hollow HAPh microcapsules mimicking empty ZP (HA-ZP), the obtained capsules were treated with 0.4 % trypsin-EDTA for 2 min at 37°C and washed in culture medium (sperm washing medium, Irvine, Santa Ana, USA) to stop the trypsin reaction. After degradation of the capsule cores by trypsin, no gelatin gel was observed in the capsules (Fig. 2) . Then, to mark the HA-ZP, a drop of culture mineral oil was injected into each capsule.
Sperm injection into the HA-ZP
For the injection of sperm into the HA-ZP, a conventional holding pipet (Kitazato, Shizuoka, Japan) and injection pipet (Sunlight Medical, Florida, USA) were used. The micromanipulator was a Narishige system (Narishige, Tokyo, Japan). Injection was performed using a conventional ICSI procedure. To confirm the m o r p h o l o g y, s p e r m w e r e m i x e d w i t h 1 0 % polyvinylpyroridone (PVP; Kitazato, Shizuoka, Japan). Only sperm with a normal morphology and progressive motility were injected. The HA-ZP was not penetrated until the needle touched the opposite side of the HA-ZP (Fig. 3a-c) . After the HA-ZP penetration, the gel was restored to its original state, and a spherical shape was recovered (Fig. 3d) . The HA-ZP with injected sperm was then degraded using 40 IU/mL hyaluronidase for about 10 min at 37°C (Fig. 4) .
Analysis of motility and viability after treatment with hyaluronidase
The effect of hyaluronidase treatment on sperm motility and viability was investigated. Four surplus specimens after IVF were used in this investigation. Conventional original semen data was below: total concentration of 42.1 ± 7.1 × 10 6 cells/ mL, motile rate of 54.5 ± 5.2 %, and an abnormal morphology rate of 30.2 ± 3.2 %, respectively. A total of 4.0 × 10 6 sperm/ mL was incubated in 40 IU/mL of hyaluronidase (Irvine Scientific, Santa Ana, USA) in culture medium for 1 h at 37°C. As a control, sperm were incubated in the same culture media (sperm washing medium, Irvine) and conditions. Sperm motility and viability between the hyaluronidase treated and non-treated groups were compared. Sperm motility was assessed using a Macklar chamber® (Sefimedical Instruments Ltd., Haifa, Israel) under ×200 magnification. Sperm with progressive and nonprogressive motility were counted and used to obtain the percentage of motile sperm. Viability was assessed a b Fig. 1 Hyaluronan-phenolic hydroxyl (HA-Ph) microcapsules prepared using a water-immiscible co-flowing system. a The prepared sample using the co-flowing system. Arrow and arrow head indicate the HA gel with or without gelatin core, respectively. b The HA-Ph microcapsule with gelatin core collected from a prepared sample. Scale bars = 20 μm using the hypo-osmotic swelling test in 150 mOsm/kg solution [18] . The morphology of 100 sperm were observed under ×400 magnification. Sperm with swollen tails were decided as viable. a b Analysis of sperm motility rate after injection into the HA-ZP without cryopreservation Four surplus specimens were used in this analysis. Conventional semen data was below: total concentration of 53.2 ± 25.8 × 10 6 cells/mL, motile rate of 57.6 ± 19.5 %, and an abnormal morphology rate of 33.1 ± 7.0 %. The sperm motility and recovery rates after injection into the HA-ZP without freezing was investigated. Three sperm were injected into an HA-ZP, and two microcapsules per patient were analyzed. The HA-ZP with sperm was incubated for 30 min at 37°C. Then, the motility and recovery rates for sperm before and after incubation and after HA-ZP decomposition were compared. Empty ZP were prepared and used as controls. In the case of empty ZP, the motility and recovery were assessed after sperm aspiration from the ZP. Sperm with progressive and non-progressive motility were counted and used to obtain the percentage of motile sperm.
Analysis of sperm motility and recovery rates after freeze-thawing and degradation of the HA-ZP Surplus sperm samples from 22 patients after IVF were subjected to this study. Conventional original semen data was below: total concentration of 60.5 ± 33.8 × 10 6 cells/mL, motile rate of 59.4 ± 17.2 %, and an abnormal morphology rate of 35.3 ± 10.8 %, respectively. To evaluate the sperm motility and recovery rates after thawing, three sperm were injected into an HA-ZP and empty ZP as the control, respectively. Sperm with progressive motility and normal morphology were injected.
Freezing of an HA-ZP or empty ZP was done base on rapid freezing method of sperm by using sugar as cryoprotectant. To substitute culture medium into the cryopreservation medium, the HA-ZP or empty ZP-injected sperm were incubated in 10 μL droplets of cryopreservation medium for 5 min at room temperature. The composition of cryopreservation medium was decided based on previous report on sperm freezing by sucrose [19] [20] [21] [22] [23] . The cryoprotectant was 0.1 M sucrose (Wako Pure Chemicals, Osaka, Japan) and 20 % synthetic serum substitute (SSS, Irvine Scientific, Santana, USA) in culture medium (sperm washing medium, Irvine). The treated vessels were placed on the Cryotop® devices with approximately 1.0 μL of cryopreservation medium using a glass pipet, and were put at 4.5 cm above the surface of liquid nitrogen (LN 2 ) for 2 min. The HA-ZP or empty ZP with sperm were then plunged into LN 2 and cryopreserved for at least 24 h. Thawing was performed at 37°C in culture medium (sperm washing medium, Irvine) for 5 min.
After freezing-thawing of the HA-ZP, the capsules were decomposed by incubation in 10 μL drop of 40 IU/mL hyaluronidase covered by culture oil for 10 min at 37°C. The recovered and motile sperm were counted after decomposition of HA-ZP. Sperm with progressive or non-progressive motility were decided as motile sperm, and total number of both motility states was used to obtain the percentage of motile sperm.
In the control group (empty ZP), recovered and motile sperm were counted after aspiration from the ZP using an injection pipet. The sperm with motility after aspiration is decided as motile (total number of progress and nonprogress motility). The rate of motile sperm was calculated as given below:
The rate of motile sperm (%) = (number of sperm with motility/number recovered sperm) × 100.
Sperm motility after freezing in different size of HA-ZP
Eleven specimens after IVF were used in this study. Conventional original semen data was below: total concentration 47.3 ± 33.8 × 10 6 cells/mL; motile rate 53.3 ± 18.4 %; abnormal morphology rate; 36.4 ± 11.7 %, respectively. There was size difference in several tens of micrometers in fabricated HA-ZP. In this investigation, the smaller and larger HA capsules were divided from prepared sample, and motility after freezing was compared between two groups. The diameter and thickness of HA gel in small capsules were 270.0 ± 12.4 μm and 29.3 ± 8.1 μm, and large capsules were 327.0 ± 13.1 μm and 22.8 ± 8.6 μm, respectively. The freezingthawing procedure was performed, same as described above. Regarding of evaluation of sperm motility, the sperm with progressive or non-progressive motility were severally assessed. The rate of each state of motility was calculated as follows: the rate of progressive or non-progressive motile sperm (%) = (number of sperm with progressive or non-progressive motility/number of total motile sperm) × 100.
In addition, to investigate whether the immotile sperm can be injected to oocyte, obtained immotile sperm after thawing was incubated in 10 μL of 3.6 mM pentoxifylline (Sigma Aldrich, Saint Louis, USA) in culture medium for 30 min at 37°C, and motility recovery was assessed [24] .
Preparation of empty ZP
As a control for the experiment, which assessed the capacity of cryopreservation of HA microcapsules, empty ZP extracted cytoplasm from oocyte was utilized. These oocytes were derived from unsuccessful ICSI attempts. The oocytes were treated with 17 μg/mL cytochalasin B (Sigma Aldrich, Saint Louis, USA). The cytoplasm was extracted using a micromanipulator. The pipet for cytoplasm extraction was a normal injection needle for fertilization. After cytoplasm extraction, the ZP was washed three times in a 10 μL drop of culture medium.
Time for a sperm searching in an HA-ZP The specimens derived from three different patients were used in this study. Conventional original semen data was below: total concentration 60.8 ± 26.1 × 10 6 cells/mL; motile rate 63.0 ± 9.5 %; abnormal morphology rate; 30.7 ± 6.1 %, respectively. Three motile sperm were injected into an HA-ZP, which was then incubated in 3 μL of 40 IU/mL hyaluronidase drops covered by mineral oil. After capsule decomposition, each sperm was isolated under ×400 magnification in a drop of hyaluronidase solution. The time taken from the initiation of sperm searching to immobilization in the PVP drop was recorded. The data was measured for three sperm for each patient. As a control, sperm specimens diluted at concentrations of 0.1 (general sperm concentration for ICSI) and 0.0001 × 10 6 cells/mL (low concentration) were used. Three microliters of sperm sample were covered by mineral oil, and searching time was similarly recorded. Searching was performed for a maximum of three times in one drop of sperm sample. If sperm could not be found, an additional sperm sample was placed on the dish until three sperm were found.
Statistical analysis
The differences between two groups and among three groups were analyzed by t test and the Tukey-Kramer test following analysis of variance (ANOVA), respectively. Statistical analysis was performed by Statview version 5 (SAS Institute Inc, Cary, NC, USA) and P < 0.05 was considered to be significant. The data are given as mean values ± SD.
Results
Influence of hyaluronidase treatment on sperm motility and viability
To investigate whether hyaluronidase could be used for microcapsule decomposition, the effect of hyaluronidase treatment on the motility and viability of sperm was assessed without cryopreservation. No significant differences in motility and viability were observed between the hyaluronidase treated and non-treated groups (motility: 95.1 ± 4.9 vs. 84.7 ± 9.2 %; viability: 92.8 ± 7.7 vs. 93.8 ± 8.7 %, respectively, N = 4).
Influence of sperm injection into the HA-ZP on sperm motility
We assessed whether sperm injection into the HA-ZP affected sperm motility. All sperm injected into the HA-ZP could be held in the microcapsules after incubation. After decomposition of the HA-ZP, almost all sperm (95.9 ± 8.3 %) were recovered (vs. empty ZP: 95.9 ± 8.3 %). Sperm injected into an HA-ZP retained their motility after incubation (95.9 ± 8.3 %) and decomposition of the microcapsule (95.9 ± 8.3 %). These values were not different, compared with empty ZP groups (after incubation: 95.9 ± 8.3 %; decomposition: 95.9 ± 8.3 %, N = 4).
Motility and recovery rate of sperm after freeze-thawing and decomposition of the HA-ZP
To analyze the efficacy of sperm cryopreservation with the HA-ZP, the motility and recovery rates of sperm after cryopreservation were compared with empty ZP controls. All frozen microcapsules were recovered after thawing (Table. 1 ). There was no difference in the recovery rate of sperm between the HA-ZP and empty ZP groups (95.5 vs. 93.9 %). The sperm motility rates were also not different between the two groups (13.6 vs. 15.1 %).
Sperm motility after freezing-thawing in different size of HA-ZP
To investigate whether the size of HA-ZP affects to motility of sperm after freezing, sperm were injected to small (270 μm) and large size (330 μm) of HA-ZP, and motility after thawing was compared (Table. 2). Total motility after freezing-thawing of capsules was not different between small and large HA-ZP (12.1 vs. 15.1 %). The grade of motility in motile sperm was not different between two groups (progressive motility: 50.0 vs. 20.0 %, non-progressive motility: 50.0 vs. 80.0 %, respectively). In the regard of motility recovery in immotile sperm after treated by pentoxifylline, there was no difference between small and large HA-ZP (3 vs. 0 %).
Searching time for a sperm held in an HA-ZP
We compared the searching time for sperm using the HA-ZP method with that of a sperm suspension for ICSI (general concentration: 0.1 × 10 6 and low concentration: 0.0001 × 10 6 cells/mL, respectively). The searching time for sperm with the HA-ZP (2.5 min) was significantly shorter than that for the low sperm concentration (26.6 min) (Fig. 5) .
Discussion
In this study, we developed HA microcapsules that were similar to ZP. HA microcapsule fabricated by co-flowing system under laminar flow was composed of spherical HA gel with core of gelatin gel. Hollow HA microcapsules were prepared by decomposing the gelatin core of the capsule. A small number of sperm were successfully injected into the hollow HA microcapsule using conventional ICSI procedures. After freezing and thawing of the microcapsule containing sperm, most of the sperm were recovered after decomposition of the HA gel by hyaluronidase.
The HA microcapsules were prepared using waterimmiscible fluid under laminar flow. This technique has been already utilized in the research of microcapsules [25] and has many advantages as follows: (1) easy size control by controlling of the flow rate of liquid in the order of micrometers [26] , (2) small variations in their size compared with droplet preparation methods using a magnetic stirrer and a homogenizer [27, 28] , and (3) easy gelation due to modification by the phenol moiety and gelation by the peroxidase-catalyzed reaction in the laminar flow [29] because elemental HA cannot be gelated. This adjustable size range and molecular polymerization in the co-flowing system enabled the development of HA microcapsules of similar size to embryos. The capsules prepared by this system were the same size as expanded blastocysts; therefore, they were easily manipulated under an inverted microscope.
We considered sperm recovery by degradation of the capsule as a good method because it did not inhibit the general Table 1 Recovery rate of capsule and sperm and motility after freeze-thawing in hollow hyaluronan microcapsule mimicking zona pellucida (HA-ZP) Recovery rate of capsule (%) (number) Recovery rate of sperm (%) (number) Motility after thawing and decomposition (%) (number) HA-ZP 100.0 (22/22) 95. Sperm with progressive and non-progressive motility was decided as the motile sperm
There was no significant difference in the recovery rate of sperm and motility in HA capsules compared with control HA-ZP hollow hyaluronan-phenolic hydroxyl (HA-Ph) microcapsule mimicking ZP, ZP empty zona pellucida (N = 22, mean ± SD) ICSI procedure. Thus, the influence of hyaluronidase treatment on sperm was investigated. We showed that treatment with hyaluronidase did not impair sperm motility or viability. This result indicated that hyaluronidase could be used for the recovery of sperm, and HA was decided as the material for the microcapsules. Hyaluronidase is generally used for denuding cumulus cells from oocytes during assisted reproductive techniques (ART). Furthermore, there have been no reports to indicate that treatment with hyaluronidase impairs embryo growth. This experience of usage during ART ensures safety. In the selection of sperm recovery method, one possible method for sperm recovery is aspiration from the capsule, but it is difficult to finely control the aspiration of sperm in a several hundred-μm capsule. In general, the procedure for sperm selection or immobilization for ICSI, the touch of a sperm head using the injection pipet, was forbidden because there was a possibility that the nuclear structure is destroyed by physical pressure. Thus, recovery by decomposition of the microcapsule was considered as best clinical practice. The recovery rate of sperm after freeze-thawing and decomposition of the HA-ZP was almost the same as the case of freezing in a hollow ZP, and the values were acceptable for clinical practice. Cohen et al. [12] and Ye et al. [30] indicated that the sperm recovery rates after freezing and thawing of empty ZP were 70.0 and 78.2 %, respectively. The recovery rate in our study was higher than their values because their method of cytoplasm extraction to prepare empty ZP was performed using a pipet larger (15 μm) than a conventional injection pipet. These results suggested that the size of the hole to evacuate the ZP affects the recovery rate. In the case of the HA capsule, the evacuation procedure using a larger pipet is not needed. In addition, the injection of sperm into the HA capsule is performed using a conventional ICSI pipet. Thus, the injected sperm were stably held in the capsule. Specimens donated from 11 patients were used in this experiment
Conventional semen parameters subjected to this analysis: total concentration 47.3 ± 33.8 × 10 6 cells/mL; motile rate 53.3 ± 18.4 %; abnormal morphology rate; 36.4 ± 11.7 %. HA-ZP: hollow hyaluronan-phenolic hydroxyl (HA-Ph) microcapsule mimicking ZP. ZP: empty zona pellucida. Average diameter (D) and thickness of HA gel (M) in small HA-ZP was 270.0 ± 12.4 μm and 29.3 ± 8.1 μm, and large HA-ZP was 327.0 ± 13.1 μm and 22.8 ± 8.6 μm , respectively. Sperm with progressive or non-progressive motility were decided as motile sperm. Total motility: total number of sperm with progressive and non-progressive motility. Motility after pentoxifylline treatment: immotile sperm after thawing of vessels was treated by pentoxifylline, and motility recovery was assessed n.s. non-significant, N = 11, mean ± SD Injection of sperm into the HA-ZP without freezing did not impair sperm motility. In the HA-ZP preparation, HA was gelated by an oxidative reaction via HRP. Subsequently, trypsin, a serine protease, was used to degrade the gelatin core of the HA microcapsule. Our results indicated that the use of these enzymes in microcapsule fabrication did not affect sperm motility. Furthermore, as animal level experiment, we confirmed whether the injection of sperm to HA-ZP and decomposition inhibit sperm fertilization (data not shown). The frozen-thawed porcine sperm injected to HA-ZP, and after capsule decomposition sperm was injected to porcine oocyte. As a result, we could observe normal fertilization in sperm in HA-ZP. These results suggested that sperm treatment by HA-ZP does not inhibit sperm motility and fertilization. Moreover, motility after freezing-thawing and decomposition of the HA-ZP was not different compared with empty ZP controls. This result indicated that freezing sperm in the HA-ZP also does not impair sperm motility. In a previous study, sodium alginate was used to encapsulate sperm. Herrler et al. [11] showed that liquid and polymerization of alginic acid in sperm encapsulation decreased sperm motility. They suggested that sperm motility was inhibited because of damage of membranes caused by pH changes during polymerization. In our method, because the gelation of capsules was performed before sperm injection, the step of capsule gelation did not affect sperm motility. In a preliminary experiment, we confirmed that sperm injected into HA microcapsules with gelatin cores retained their motility after decomposition, indicating that gelatin did not impair sperm motility. However, sperm motility after injection into trypsin-untreated HA microcapsules and after freezing and thawing was relatively low compared with sperm frozen in an empty ZP (HA: 7.7 ± 14.6 % vs. ZP: 22.9 ± 29.0 %, n.s.). Because the aggregation of gelatin was observed in trypsinuntreated HA capsules after freezing and thawing, it was considered that aggregated gelatin by freezing caused damage to sperm plasma membranes. Thus, the removal of gelatin from the core of HA microcapsules was effective in maintaining greater sperm motility after freeze-thawing.
The motile rate of sperm after freezing-thawing in HA-ZP was about 14 %. The recovery rate of motile sperm is relatively low, compared with previous report of small number of sperm freezing [15] . One possibility of such value is experimental regulation of our ART center. We can use the surplus sperm specimens for IVF after finishing insemination on the day. These specimens were incubated for 3 to 5 h in 5%O2 in 37°C after semen preparation. It is known that incubation of sperm for long term in vitro leads to lipid peroxidation [5, 6] , which involves to cryosurvival [31] . Thus, in our experimental condition, sperm would decline to freezing stress. Regarding of validness of freezing method, we selected the freezing by non-permeating cryoprotectant (sucrose) [23] . One advantage of using sugar as cryoprotectant is that sperm freezing can be performed under low osmotic pressure.
According to our preliminary data, motile sperm can maintain 80 % of motility under 360 mOsm /kg osmotic pressure of culture medium with 0.1 M sucrose, but more than 50 % of motile sperm lose the motility under over 490 mOsm/kg. Due to osmotic pressure of general sperm freezing medium is about 1500 mOsm/kg, it was considered that more motile sperm can be obtained by sugar based freezing medium. Other advantage is that, in the rapid freezing condition, freezing medium with low concentration of cryoprotectant is suitable rather than that with conventional concentration (glycerol based freezing medium) [32] . Our preliminary data showed that sperm motility after freezing in empty ZP on Cryotop by 0.1 M sucrose group tend to be higher than 7 % glycerin group (23.1 vs. 7.5 %, n.s., N = 4). Therefore, we considered that freezing procedure by sucrose based freezing medium is proper method, compared with conventional freezing solution.
There was difference of diameter in prepared HA capsules. The size difference was arisen in same and different lot of prepared capsule sample. To investigate whether the capsule size affect to the recovery rate of motile sperm, we picked up smaller and larger HA capsules from same lot of prepared sample. We had hypothesis that if the capsule size difference affect to thermal conductivity, the capacity of sperm freezing will be different. However, actual thermal conductivity cannot be measured in the vessel of micrometer order. As a result, there was no difference in the total motility and grade motility between small and large HA capsule groups. Herrler et al. [11] showed that the sperm motility after embedding freezing in different size of alginic acid gel in same volume of freezing medium was not different. Isachenko et al. [19] indicated that motility after freezing in different volume of sperm suspension was significantly different. These reports suggested that whole volume of freezing medium is critical for motile sperm recovery after freezing. In our method, the diameter difference of HA capsule used for sperm freezing is several tens of micrometers. Such size difference did not affect to sperm motility after freezing-thawing. We also showed that the motility recovery of immotile sperm after pentoxifylline treatment was low in all vessels, and there was no difference among vessels. This result indicated immotile sperm in our freezing method has no potential to be injected to oocyte. Some reports showed that treatment of pentoxifylline after freezing-thawing of human sperm increases motile rate [24, 33] . Motility recovery indicates that immotile sperm retained motility potential. Such motility recovery rate after freezing involves protective ability of freezing method. Thus, we need to modify the freezing method for improvement of motility recovery of immotile sperm after freezing.
Searching time for a sperm from an HA-ZP was equivalent to that of a general concentration of sperm used in ICSI. This result indicated that, even in the case of severe oligozoospermia or TESE ICSI, once sperm are held in the HA-ZP, they can be recovered more quickly than using conventional methods of sperm freezing. Clinical data in our laboratory showed that sperm searching time in TESE ICSI, the ability to find a few sperm in a dish before cryopreservation, took 20 min. This value was longer than the case which can find at least a sperm in a field in ×400 magnification (5 min). Thus, freezing using HA microcapsules is most effective in such TESE case with a few sperm for reducing sperm searching time of ICSI.
In the present study, a small number of sperm could be held in HA hollow microcapsules using conventional ICSI procedures. After thawing and decomposition of the capsule using hyaluronidase, a good recovery rates was obtained. In addition, the searching time for sperm held in HA capsules was equivalent to that for normal ICSI concentration samples. However, the potential for fertilization and embryo growth after using sperm frozen with HA hollow microcapsules has not been investigated. Animal level studies are needed to test HA microcapsules before they are introduced into clinical practice.
